This study combined measurements from multiple platforms with acoustic instruments on moorings and on a ship and optics on a profiler and an autonomous underwater vehicle (AUV) to examine the relationships between fluorescent, bioluminescent, and acoustically scattering layers in Monterey Bay during nighttime hours in July and August of 2006 and May of 2008. We identified thin bioluminescent layers that were strongly correlated with acoustic scattering at the same depth but were part of vertically broad acoustic features, suggesting layers of unique composition inside larger biomass features. These compositional thin layers nested inside larger biomass features may be a common ecosystem component and are likely to have significant ecological impacts but are extremely difficult to identify as most approaches capable of the vertical scales of measurement necessary for the identification of sub-meter scale patterns assess bulk properties rather than specific layer composition. Measurements of multiple types of thin layers showed that the depth offset between thin phytoplankton and zooplankton layers was highly variable with some layers found at the same depth but others found up to 16 m apart. The vertical offset between phytoplankton and zooplankton thin layers was strongly predicted by the fraction of the water column fluorescence contained within a thin phytoplankton layer. Thin zooplankton layers were only vertically associated with thin phytoplankton layers when the phytoplankton in a layer accounted for more than about 18-20% of the water column chlorophyll. Trophic interactions were likely occurring between phytoplankton and zooplankton thin layers but phytoplankton thin layers were exploited by zooplankton only when they represented a large fraction of the available phytoplankton, suggesting zooplankton have some knowledge of the available food over the entire water column. The horizontal extent of phytoplankton layers, discussed in the second paper in this series, is likely an important factor contributing to this selective exploitation by zooplankton. The pattern of vertical offset between phytoplankton and zooplankton layers was consistent between studies in different years and using different combinations of platforms, indicating the importance of the relationship between zooplankton layers and the fraction of phytoplankton within a layer at night within Monterey Bay. These results highlight the value of integrating measurements of various types of organisms to understand thin layers processes and the importance of assessing ecological interactions in plankton thin layers within the context of the properties of the entire water column, like the animals themselves do.
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Introduction
Over the last two decades, dense layers of plankton with vertical dimensions of tens of centimeters have been described from a variety of coastal marine habitats (e.g. Cheriton et al., 2007; Donaghay et al., 1992; Holliday et al., 2003; Osborn, 1998) . These 'thin layers' can have a horizontal extent of several kilometers and may persist for days or even weeks (Dekshenieks et al., 2001; McManus et al., 2003; Rines et al., 2002) . Sharply distinct from the surrounding water column, the density of phytoplankton and zooplankton in these layers can be orders of magnitude higher than at surrounding depths (Cowles, 2003) . This intense concentration of acoustically and optically significant plankton biomass as well as the ubiquity of these features in coastal ecosystems (Cheriton et al., 2007) has important implications for both our sampling approach and ecological interactions in these systems.
Despite the indications that plankton thin layers could have significant ecosystem effects, studies of these impacts have been limited. Using ship-board grazing experiments, Lasker (1975) showed that the abundance of appropriate food in intense phytoplankton layers rather than the average abundance of food in the water column is critical for the survival of larval fish. More recent laboratory (Clay et al., 2004; Ignoffo et al., 2005; MendenDeuer and Grunbaum, 2006) and modeling (Leising, 2001) studies confirm that thin layers play a significant role in trophic interactions and thus the behavior, growth, and reproduction of individual organisms and ultimately the flux of carbon and nutrients in ecosystems. Field studies investigating the ecological consequences of thin plankton layers, however, have been limited at least in part because of the difficulties in studying the biological processed involved in the formation and persistence of thin layers.
ARTICLE IN PRESS
A decade ago, Cowles et al. (1998) highlighted a gap in our understanding of thin layers, noting that few papers before that time presented measurements of small-scale biology with concurrent measurements of physical variables on the appropriate time and space scales. In the time since that publication, substantial progress has been made in our understanding of the physical processes controlling the formation and maintenance of thin layers. See, for example Birch et al., 2008; Ryan et al., 2008; McManus et al., 2003; Osborn 1998 , and several of the companion papers in this issue. Studies linking observations of physics and biology have also supported active swimming as an important mechanism controlling thin layers of both zooplankton (Gallager et al., 2004; McManus et al., 2005) and motile phytoplankton (Klausmeier and Litchman, 2001 ). A recent model by Stacey et al. (2007) quantifies the relative importance of motility, straining, and buoyancy, integrating this biological process with physical processes. A variety of other biological mechanisms for thin layer formation and maintenance have been proposed including thinning by preferential grazing at the edges of existing layers, increased reproduction, and increased growth within layers (Donaghay and Osborn, 1997) . These biological mechanisms have substantial implications for the ecological role of thin layers though they remain largely untested in field experiments. We argue that in order to make advances in our understanding of these biological processes and their ecological consequences that are comparable to those recently achieved for physical forcing requires concurrent, appropriately scaled measurements of multiple trophic levels. Most previous field studies of thin layers have focused specifically on phytoplankton (e.g., Cowles et al., 1998; Dekshenieks et al., 2001; McManus et al., 2007; Osborn, 1998; Rines et al., 2002; Ryan et al., 2008; Sullivan et al., 2005) and to a lesser extent, zooplankton (Cheriton et al., 2007; Holliday et al., 2003; Holliday et al., 1998; McManus et al., 2005; Widder et al., 1999) , with only a few studies attempting to integrate measures of multiple trophic levels (Donaghay et al., 1992; Gallager et al., 2004; McManus et al., 2003) .
Integrated studies of thin layers at multiple trophic levels have been limited by the difficulties in making measurements of multiple sizes of organisms in meter-scale thick aggregations simultaneously at similar scales, the often disparate techniques (and thus investigators) needed for different organisms, and the challenges in quantitatively assessing layer associations. The multi-investigator, interdisciplinary research initiative termed Layered Organization in the Coastal Ocean (LOCO) supported by the US Office of Naval Research presented an opportunity to overcome some of these challenges. The goal of this work, a component of the LOCO program, was to examine the relationships between fluorescent, bioluminescent, and acoustically scattering layers in Monterey Bay in an effort to understand the interactions between adjacent trophic levels, assess the influence of bioluminescence on these interactions, and to elucidate potential mechanisms involved in the differential formation of these layers. We addressed these questions by combining measurements from multiple platforms with acoustic instruments on moorings and on a ship and optics on a profiler and an autonomous underwater vehicle (AUV). The combination of data between these various platforms was designed to elucidate the multi-dimensional overlap of trophic levels found in and around thin layers.
Methods
Sampling was conducted from four platforms in various combinations over 11 nights in July and August 2006 and May 2008 bringing together measurements of physical, optical, and acoustical properties of the water column in the Northeast corner of Monterey Bay, California, USA in an area roughly bounded by 36.9551 N 121.9541 W, 36.9331 N 121.8961 W, 36.9061 N 121.9121 W, 36.9201 N, 121 .9581 W (Fig. 1) . Fig. 1 . A map of the study region in the northeast corner of Monterey Bay. In the map of the entire bay on the left, the 50, 100, 200, 500, 1000, 2000, and 5000 m isobaths are shown. In the detailed map, the 10, 20, and 30 m contours are indicated. Bio-acoustic moorings were located at K1, K2, K3, and K4. On the night of 14 July 2006, a REMUS AUV transected a line connecting these moorings 20 times. During August, a REMUS and the R/V Shana Rae sampled the 2 by 3 km box indicated by the dashed line with CTD profiles at each corner. During 2008, all sampling was carried out from the R/V Shana Rae within the region bounded by the solid line.
July 2006
From 2100 h local time on the night of 14 July until 0215 h local time the morning of 15 July, two 1.8 m REMUS AUVs , equipped with a variety of optical and physical sensors, repeatedly transected a line running offshore from the main LOCO site, covering this area 20 times over the course of the night (Fig. 1) . Four bio-acoustic moorings were deployed along this line sampled acoustic scattering from zooplankton once every 4 s. This merger of moored and AUV data provides insight into both spatial and short term temporal variation in thin layers of phytoplankton and zooplankton.
Autonomous underwater vehicle
In conjunction with the bio-acoustic moorings, two REMUS AUVs were used to undulate a line over the mooring sites. The vehicles were programmed to undulate between 2 m depth and 3 m altitude above a variable bottom depth at a speed of approximately 2 m/s. Navigation of the AUV was by acoustic triangulation using an array of digital acoustic transponders deployed in the area of study for the duration of a mission. Error in horizontal position from navigation approach is largely based on GPS errors for the transponders. Here, the horizontal position uncertainty for the vehicles is estimated ato5 m (Hibler et al., 2008) . The two vehicles provided measures of chlorophyll fluorescence (Wetlabs Inc. ECO-triplet) and salinity and temperature using an Ocean Sensors OS-200 CTD. A bioluminescence bathyphotometer was also to quantify the bioluminescence potential of the water. The bathyphotometer is described in Herren et al. (2005) but briefly, a centrifugal-type impeller pump drives water into an enclosed 500 ml chamber and creates turbulent flow, which mechanically stimulates bioluminescence. The measurement from the bathyphotomer is therefore an index of the total luminescent capacity of organisms in a set water volume. A flowmeter monitors pumping rates using a magnet and a Hall-effect sensor to generate a period signal, which is converted to an analog signal of flow rate. The flow rates are measured as the water passes from the detection chamber to exhaust outlets. In order to prevent premature stimulation of bioluminescence by the moving vehicle, water is taken directly through the front nose section of the vehicle. Two light baffling turns in the nose serve to minimize ambient light contamination. No significant ram-effect on light production or flow rate from the vehicle itself has been found with this integrated system (Blackwell et al., 2002) . Sampling with the REMUS outfitted with the bathyphotometer was conducted between 2200 and 0400 local time as bioluminescence is a diurnally dependant measure, but it has been shown to be generally stable during this 6 h period at this latitude at this time of the year (Moline et al., 2001 ).
Moored acoustics
Four, upward-looking 200 kHz self-contained bio-acoustic sensors (water column profiler WCP, ASL Environmental Sciences), were deployed approximately 500 m apart, in a line running roughly offshore from the 15 m isobath in the northeast corner of Monterey Bay (Fig. 1) . Each WCP was attached directly to sandbag anchors so that the transducer was approximately 1 m off the seafloor with substantial floatation under the transducer for stability. This stability was confirmed using readings from a logging tilt and roll sensor in each instrument. No floats or lines were deployed above the instrument package to limit unintended acoustic returns and the aggregation of animals which is sometimes observed around surface floats. Recovery of each WCP was accomplished using acoustic releases that permitted the instrument package to float to the surface, sacrificing the sandbag anchors. The WCPs used a pulse length of 156 ms and had a 3 dB beamwidth of 101. Each was calibrated in a seawater tank using procedures similar to those used for the ship-board echosounders. Each of the WCPs collected volume backscatter data from 12 July to 29 July at a rate of 0.25 Hz with a vertical resolution of 12.45 cm. For the purposes of this paper, only data collected on the night of 14 July into the early morning of 15 July when the REMUS made repeated flights over the line of moorings was examined.
August 2006
From 4 August to 8 August 2006, immediately following the main LOCO experiment, nighttime sampling was conducted from two platforms. The REMUS AUV, equipped and deployed in a manner identical to that described in Section 2.1.2, undulated along the edges of 3 km across isobath by 2 km along isobath box ( Fig. 1) as many times as was feasible within a single night. The sampling box was also sampled using multi-frequency acoustics from the 16 m R/V Shana Rae. Underway surveying from the R/V Shana Rae was conducted at a vessel speed of approximately 9.26 km/h (5 knots) with the transducers of a 38 and 120 kHz split-beam echosounder (Simrad EK60 s) mounted 1 m beneath the surface on a rigid pole off the side of the vessel. The 120 kHz echosounder had a 71 beam and used a 64 ms pulse providing a vertical resolution of 2.5 cm. The 38 kHz echosounder had a 121 beam and used a 256 ms long pulse providing a vertical resolution of 10 cm. Both echosounders were calibrated in the field using an indirect procedure incorporating a 38.1 mm diameter tungsten carbide reference sphere as prescribed by Foote et al. (1987) using the same set up used for the study. For calibration, the reference sphere was held between 10 and 12 m away from the transducers to ensure measurement in the far field.
In addition to underway acoustic sampling from the vessel, CTD casts to within 3 m of the seafloor were conducted each time a corner of the sampling box was passed using an SBE25 equipped with a WetLabs WetStar Fluorometer. The CTD data provided a cross check of the sampling from the two platforms. Vertical net tows were periodically conducted with a 0.75 diameter, 333 mm mesh net equipped with a General Oceanics flowmeter to allow calculation of volume sampled. The net was lowered until a weight 3 m from the ring reached the seafloor and then pulled to the surface at a rate of approximately 1 m/s. Samples were preserved in 5% buffered formalin in seawater for later analysis.
May 2008
From 19 May to 28 May 2008, nighttime sampling from all instruments was conducted from the R/V Shana Rae. Sampling included station keeping to obtain time-series data and transects with both underway sampling and closely spaced vertical profiles with the CTD package. During station keeping, ship-board acoustic sampling was carried out continuously with a series of three contiguous CTD casts every 30 min and a single, vertically integrated net tow once each hour. The 3 km long transects were sampled at an underway speed of 9.26 km/h repeatedly over the course of a single night with a series of three, contiguous CTD casts at least every 500 m along the transect and intermittent vertical net tows.
Similar to Bioluminescence, fluorescence, optical backscatter, and acoustic backscatter at 6 frequencies were all measured from the same profiling package. The package consisted of an SBE19plus CTD with an SBE 43 dissolved oxygen senor, and several optical instruments from WetLabs: an ECO-flntu fluorometer, C-Star transmissometer (25 cm pathlength, 530 nm wavelength), and a Wetlabs Inc. UBAT bioluminescence sensor. The UBAT sensor is similar to bathyphotometer integrated in the REMUS with a slightly smaller detection chamber (400 ml) and a faster sampling rate. Cross-calibration between the UBAT and REMUS instruments was ensured using a standard isotropic light source probe inserted into the individual stimulation chambers (Herren et al., 2005) .
Vertical net tows were conducted with a 0.75 diameter, 333 mm mesh net equipped with a General Oceanics flowmeter to allow calculation of volume sampled. The net was lowered until a weight 3 m from the ring reached the seafloor and then pulled to the surface at a rate of approximately 1 m/s. Samples were preserved in 5% buffered formalin in seawater for later analysis. In the laboratory, samples were identified to species, enumerated, and measured.
Data analysis
Calibrations were applied to data from the upward looking 200 kHz echosounders in Matlab and then the volume scattering data were imported into Myriax's Echoview software for further analysis. Data were kept at their full resolution vertically but averaged over 10 pings and thresholded at À80 dB before analysis for thin layers.
Echosounder data from the 38 and 120 kHz (2006 and 2008) and 200 kHz (2008 only) echosounders were analyzed in Myriax's Echoview software. Data were averaged over 10 pings and thresholded at À80 dB before analysis for thin layers. The difference in volume scattering between the 120 and 38 kHz echosounders of identified layers was calculated because a mean volume backscatter difference of less than 3 dB indicates that scattering could have been caused by fish while layers with a strong frequency response are highly likely to have been caused by zooplankton (Kang et al., 2002; Korneliussen, 2000) . No layers were identified as echoes consistent with fish, however. For all acoustic analyses, a constant sound speed was used to calculate target range. Based on the range of sound speed values measured, this could introduce a maximum of 75 cm of error into the vertical position of scattering features.
Data from CTD casts were low passed filtered and edited for loops before the raw variables were converted to variables of interest using factory calibrations. Fluorometer calibration equations were confirmed from periodic samples of water filtered for chlorophyll in the area of the experiment. Before analysis for thin layers was conducted on each downcast, all optical data were filtered with a 5-point Gaussian window filter to smooth spikes that can affect the detection of layer edges.
Data from the REMUS were edited for loops before the raw variables were converted to variables of interest. Before analysis for thin layers, any ascents or descents that did not cover at least 70% of the intended dive depth were discarded.
From both the REMUS and CTD profiler's bathyphotometer, the variance and mean bioluminescence potential over the depth each identified thin bioluminescent layer were calculated. The ratio of the square root of variance to the mean bioluminescence potential, or coefficient of variation, has been shown to be a good index of the identity of the bioluminescent organisms in Monterey Bay . Values of this ratio that are less than 0.5 indicate the frequent but less bright flashes of dinoflagellates, while values higher than this indicate the bright but infrequent flashes of zooplankton.
Defining thin layers
In all data from all platforms, thin layers were defined in the same way. A running, 5 m vertical median was taken for each profile of the REMUS, 10-ping average from the echosounders, or CTD cast. In each case, the points at which the layer crossed above the running median were used to define the upper and lower edges of the layer. The average value of these two crossing points was used to define the local background value. The depth of the layer was defined as the point at which the layer reached a maximum value. The thickness of the layer was calculated as the range of values within half the peak intensity of the layer, sometimes called the full width half maximum (FWHM). Features were defined as thin layers when their peaks exceeded 1.2 times the local background with a FWHM thickness less than 3 m. In addition, acoustically identified layers must have persisted for at least 20 s. For REMUS and CTD data, layers must have been present in at least two profiles in the same area within 1 h or in profiles at adjacent locations.
Data integration
In the 15 July 2006 data, only segments of the REMUS track within 100 m of each mooring were analyzed. Horizontal position was ignored from these segments to create vertical profiles that were compared to 10-ping averaged vertical profiles of acoustic data from the adjacent mooring at the same time.
During the August 2006 study, data were taken from two mobile platforms that were coordinated in their movement. Because the average REMUS profile covered 125 m horizontally, 10-ping averaged ship-board echosounder data were analyzed for the presence of zooplankton thin layers every 125 m to provide roughly comparable sample sizes between the two platforms. Direct comparisons between optical and acoustical thin layers were limited to segments of transects that occurred in the same location on both platforms within 20 min of each other.
For the May 2008 data, the 10-ping averaged echosounder data from just before each CTD cast were analyzed along with the data from the cast. The acoustic data from just prior to the cast were used in case the lowering of the CTD caused any change in the behavior of zooplankton. The depths of the peaks of acoustically and optically identified thin layers were compared.
In 2006, acoustic scattering layers were detected from moorings which used a 200 kHz signal and ship-board acoustics which used a 120 kHz signal. It is possible that this difference in frequency could cause differences in detection of layers or their characteristics. In 2008, both 120 and 200 kHz were used simultaneously from the same platform. Layers were independently detected in each frequency and their detections and layer characteristics compared with paired t-tests.
Bioluminescence is produced by over 700 genera representing 16 phyla spanning the range of small, single-cell bacteria to large vertebrates. Previous work in Monterey Bay has suggested that the primary sources of bioluminescence are dinoflagellate phytoplankton and various species of copepod zooplankton . During all three studies, the peak depths of thin layers of bioluminescence were compared with the depths of fluorescent and acoustically scattering thin layers as well as integrated values of these variables over the depth of the bioluminescent layer to separate the potential sources of bioluminescence.
Results

Confirmation of methodologies
Net tows
Net sampling focused directly on thin layers was not possible during this study, however, water column integrated zooplankton tows showed that in both years, zooplankton captured in the net were dominated by copepods numerically and by biomass. In all three study periods, the most abundant genera of copepods was Calanus (mean body length 1.35 mm, standard deviation ¼ 0.29), Ctenocalanus (mean length 0.90 mm, standard deviation ¼ 0.06), and Acartia (mean length 0.95 mm, standard deviation ¼ 0.08). Together, these three groups made up more than 90% of the zooplankton both numerically and by biomass. The relatively limited diversity of body types and the lack of any extremely strong scatterers such as gastropods or those with air inclusions suggests that scattering can reasonably used as an estimate of relative abundance of zooplankton over depth. The consistent species and size distribution between studies allows for comparisons of these relative abundance measures to be made across studies. While avoidance if the net by larger zooplankton is likely, this avoidance would likely be similar across studies and thus not likely to bias the inter-study comparisons.
Frequency effects on acoustic scattering layer detection
In 2006, acoustic scattering layers were detected from moorings which used a 200 kHz signal and ship-board acoustics which used a 120 kHz signal. It is possible that this difference in frequency could cause differences in detection of layers or their characteristics. In 2008, both 120 and 200 kHz echosounders were used simultaneously from the same platform. All identified zooplankton layers were detected at both 120 and 200 kHz. Paired t-tests showed no significant differences (p40.05 for all comparisons) in the thickness, peak values, peak value relative to local background, or layer percent of total water column scattering suggesting that thin layer results are comparable at these two frequencies.
Fluorescence and optical scattering
During the 15 July 2006 study, the peak depth of optical backscattering layers and fluorescent layers were significantly correlated with (R ¼ 0.96, po0.001, df ¼ 66). The slope of this relationship was not significantly different from 1 (p40.05) and the y-intercept was nearly zero. The ratio of the peak value to the local background of fluorescent and optically scattering layers were also significantly correlated (R ¼ 0.83, po0.01, df ¼ 66). The slope of this relationship was not significantly different from 1 (p40.05) and the y-intercept was close to zero. Similarly, the peak depths of fluorescent and optically scattering layers in the August 2006 were strongly correlated (R ¼ 0.94, po0.001, df ¼ 66, slope not significantly different from 1, y-intercept not significantly different from 0). This suggests that there is no residual chlorophyll quenching affecting our ability to resolve thin layers of fluorescence as expected during nighttime sampling. The results also suggest that the dominant optical backscattering particles were chlorophyll containing. Because of the ubiquity of fluorescence measurements across the experiments, phytoplankton layers will be primarily described by fluorescence in the remainder of the results.
Plankton thin layers
A summary of nighttime layer occurrence with the characteristics of detected layers from all three studies is shown in Table 1 . In all studies, layers were relatively common during the nighttime Note that while the peak of acoustical scattering is reported in dB, all statistical calculations were carried out on a linear form of acoustic scattering.
hours measured with at least 30% of profiles from all instruments. Because all layer types from all platforms and instruments were defined using the same method and criteria, it is possible to compare these measures. Across all three studies, zooplankton thin layers were considerably thicker with peaks that were more intense relative to the background and accounted for more of the total water column value than fluorescence thin layers. Combining information from multiple sensors can provide substantial information on thin plankton layers. For example, Fig. 2 shows acoustic volume scattering taken from the R/V Shana Rae and fluorescence and bioluminescence from the REMUS during the August 2006 study. In this example, high acoustic scattering near shore appears to be from bioluminescent zooplankton, as indicated by values of coefficient of bioluminescence variation. These bioluminescent zooplankton are layered just below the high chlorophyll fluorescence. Further offshore, the bioluminescence is correlated with the chlorophyll fluorescence, showing similar layer shapes and low coefficient of bioluminescence variation values. The strong acoustic scattering layer offshore is not bioluminescent and has a different acoustic frequency response than the inshore layer (not shown), indicating a different population of zooplankton. The relationships between layer types are complex with clear patterns of overlap at some times but not at others. This example shows the complications of interpreting the relationships between layers as well as some of the challenges integrating data from multiple platforms. The remainder of the results will focus on quantifying relationships between thin layers of various types.
Relationship of bioluminescent layers to other layers
Of 90 bioluminescent layers in 15 July 2006 data, the peak depth of 10 layers was within 10 cm of the peak depth of a fluorescent layer in the same REMUS ascent or descent. These 10 bioluminescent layers showed the same shape over depth as the paired fluorescent layer suggesting that these layers were caused by phytoplankton, likely dinoflagellates. Similarly, during the August 2006 sampling, 21 thin bioluminescent layers occurred at the same depth and had the same shape as thin fluorescent layers. During May 2008, 13 bioluminescent layers were at the same depth and had the same profile as thin fluorescent layers. For these 54 bioluminescence layers, the coefficient of bioluminescence variation was less than 0.5, further supporting the primary source of bioluminescence in these layers as dinoflagellates. In all three studies, there was no significant correlation between the fluorescence over the depth range of a bioluminescent thin layer and the integrated bioluminescence within the thin layer (Ro0.05, p40.05 for all studies) when all bioluminescent layers were included. However, when only thin bioluminescent layers that occurred at the same depth as fluorescence layers are considered, there was a significant correlation between integrated fluorescence and bioluminescence over the same depth range (R ¼ 0.87; po0.01). There was no significant correlation between these 54 bioluminescent layers and acoustic scattering over the same depth interval (R ¼ 0.18; p40.01). In this small subset of thin bioluminescent layers, bioluminescent organisms were either co-located strongly with fluorescent species, or more likely autotrophic dinoflagellages were the dominant chlorophyll containing species in the layers.
In the 15 July 2006 data, only 3 bioluminescent layers were clearly associated with an acoustically scattering thin layer with Overlaid on the panels are the depth distributions of bioluminescence (top panel) and fluorescence (bottom panel) taken from a REMUS AUV. The acoustic scattering layers are related to both parameters. High scattering near shore appears to be from bioluminescent zooplankton, indicated by the coefficient of bioluminescence variation, layered just below the high chlorophyll fluorescence. Further offshore, the bioluminescence is correlated with the chlorophyll fluorescence. The coefficient of bioluminescence variation was low, supporting dinoflagellates as the source of bioluminescence in this layer. The strong acoustic scattering layer offshore is not bioluminescent and has a different frequency responses (not shown) indicating a different population of zooplanktons. Fig. 3 . The integrated bioluminescence over the depth range of each bioluminescent thin layer as a function of the integrated acoustic backscattering over that same depth range is shown for all three studies. Changes in acoustic scattering predict a significant fraction of the variance in layer bioluminescence despite the lack of acoustic thin layers at the many of the locations. equivalent peaks and similar profiles and high coefficient of bioluminescence variation values. In the August 2006 data, 10 thin bioluminescent thin layers matched acoustic thin layers. Finally, in the May 2008 data, 4 thin bioluminescent layers matched thin acoustic layers. The remainder of bioluminescent thin layers in all studies were not clearly associated with thin layers from other measurements. However, in all three studies, after the exclusion of bioluminescent layers that appeared to be caused by phytoplankton (the 54 layers discussed in the previous paragraph), the acoustic scattering strength integrated over the depth of each bioluminescent layer predicted a significant amount of the variance in the integrated bioluminescence within thin layers ( Fig. 3; ). This suggests that either the same organisms causing acoustic scattering are also causing bioluminescence or they are strongly co-located. These bioluminescent layers always had a coefficient of variation greater than 0.5, supporting the conclusion that they are formed by zooplankton. An example of the relationship between bioluminescent thin layers, fluorescent thin layers, and acoustic scattering from one night during the May 2008 study is shown in Fig. 4 . A persistent bioluminescent thin layer was detected for about 6 h. Two fluorescent thin layers, one near the surface and one at approximately the depth of the bioluminescent layer appear towards the end of the time series. Prior to about 0100 local time, there were no distinct chlorophyll fluorescence maxima of any thickness. The bioluminescent layer is occasionally correlated with time periods when thin acoustic scattering layers were also present but these layers were typically offset by about 2 m vertically. Most often, the bioluminescent layer was inside of a relatively thick scattering feature.
Onshore/offshore effects
In the 15 July 2005 data, a combination of moored acoustics and REMUS based measurements, the number of phytoplankton and zooplankton layers decreased from K1-K4 (onshore to offshore) while the number of bioluminescence layers increased from K2-K4 (Fig. 5) . However, an ANOVA revealed that the site of each mooring had relatively little effect on the characteristics of thin plankton layers (Table 2 ). These results show that the differences in the probability of detecting layers by mooring site were likely unrelated to changes in the characteristics of the layers that were present. There was a significant effect of time of An expanded version of one section in the acoustic data is shown in the lower panel along with the depths of bioluminescent thin layers in yellow diamonds to allow the details of thin acoustic layers to be observed. A persistent bioluminescent thin layer is observed through much of the time period. During some of these time intervals, the bioluminescent layer is correlated with acoustic thin layers though it is typically not at the exact same depth. However, much of the time, the bioluminescent layer is within a broad scattering feature, suggesting a thin layer of different zooplankton compositions within a broad biomass peak. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) night on many layer characteristics (Fig. 6) . For example, acoustic scattering layers got thinner over the course of the night, by an average of 2.25 m over 6 h. Bioluminescent layers got thicker, an average of 1.75 m over 6 h. Optical backscattering layers thickened by about 0.6 m over 6 h while fluorescent layers remained unchanged in their thickness over the night. There were also significant interactions of mooring site and time on some layer characteristics, suggesting that these temporal changes varied between mooring sites. This interaction is most evident for the depth of thin layers. For example, at K1 zooplankton layers shallowed over time while at K2 they deepened over the course of the night.
Despite the inability to resolve temporal patterns, data from August 2006 show similar results in onshore-offshore effects. Transects from the REMUS and ship-based measurements were broken up into four sections of increasing distance from the K1 site. Fluorescence layers were found in 89% of casts in the region closest to the K1 site, and 81%, 59%, and 55% of casts in the sections successively further from the site, respectively. Optical backscattering layers showed a similar pattern from onshore to offshore abundance with 49% of the transect closest to K1 containing layers while 48%, 46%, and 29% of profiles in each transect segment successively further from K1 contained layers. The percent of casts containing optically backscattering layers was substantially lower than the percent containing fluorescence layers, despite the fact that fluorescence layers were consistently associated with high optical backscatter. Optical backscattering features were less likely to be defined as thin layers mathematically than fluorescence layers because they were not always as sharply defined and often had more variation in background level than fluorescence features, likely because optical backscatter can contain signals from more than living autotrophs, thus giving a broader peak. Acoustic layers were found 56% of the time in the transect segments closest to K1, and 51%, 40%, and 32% at each of the three segments increasingly further from K1. Bioluminescence layers showed the opposite pattern with 19% of casts nearest to K1 containing bioluminescence layers, and 33%, 53% and 52% at sections increasingly further from the K1 site. As in the 15 July data, ANOVAs revealed that there were no significant effects at the p ¼ 0.05 level of distance from K1 categorized in this way on the thickness, depth, or intensity of thin fluorescent, acoustic, or bioluminescent layers.
Relationship between phytoplankton and zooplankton layers
Perhaps the most striking onshore-offshore pattern was the difference in the degree of overlap between fluorescent layers of phytoplankton and acoustically scattering layers of zooplankton in the 15 August data. From each half hour increment when layers were present, the closest distance between the peak of a zooplankton layers and the peak of a phytoplankton layer indicated by either fluorescence or optical backscatter was measured in meters. The mean thickness of phytoplankton layers measured by fluorescence was between 0.31 and 0.69 m with an average base thickness or maximum vertical extent between 0.91 and 2.05 m. The mean thickness of zooplankton layers measured acoustically was between 0.96 and 1.54 m with a maximum vertical extent between 2.1 and 4.4 m. Given these layer thicknesses, it is likely that zooplankton and phytoplankton layers with peaks within 3 m of each other are overlapping. A separation of less than 1 m between layer peaks indicates a high degree of vertical overlap. At K1, layers were not in 3 m proximity at any time. At K2, zooplankton and phytoplankton layers were within 3 m of each other about 1.5 h during the night but were never within 1 m of each other. Further offshore, at K3, zooplankton and phytoplankton layers were within 3 m of each other for 3.5 h and within 1 m of each other for 1 h. At the furthest offshore site, layers were only near each other for a total of 2 h but for that entire period they were less than 1 m apart. This indicates that zooplankton and phytoplankton layers at K1 are not interacting directly, while zooplankton and phytoplankton layers at K2 and K3 show increasingly more time spent in close proximity and those at K4 are highly overlapped in vertical space. This gradient in layer overlap does not correspond with phytoplankton layer thickness or intensity relative to the background, however it corresponds with an increasing proportion of total water column phytoplankton biomass being found in layers from K1 to K4. Looking at the relationship in the vertical offset between phytoplankton and zooplankton layers combined across all mooring sites, with an increasing fraction of fluorescence in a Analyses that were significant at the po0.05 level are indicated by an 'x'.
thin layer relative to the total water there is a decrease in the offset between the phytoplankton layer and the zooplankton layer (R 2 ¼ 0.45, N ¼ 47). Zooplankton layers were found within 3 m of phytoplankton layers only when the phytoplankton thin layer accounted for more than about 18% of the total water column integrated chlorophyll. Layer peak fluorescence is correlated with the fraction of total layer fluorescence contained in the phytoplankton layer (R 2 ¼ 0.42, N ¼ 47). There is also a significant relationship between peak fluorescence and the offset between zooplankton and phytoplankton, however it is much weaker (R 2 ¼ 0.22, N ¼ 47).
Both the August 2006 and May 2008 data support the relationship of a decreasing vertical offset between the peaks of zooplankton and phytoplankton layers as the proportion of total chlorophyll in a layer increases. In both of these datasets, the proportion of total fluorescence in a thin layer is only weakly when the thin phytoplankton layer accounted for about 20% of the total water column fluorescence did zooplankton and phytoplankton layers come within 3 m of each other. Combining all three datasets shows that the fraction of water column fluorescence within a thin layer was a consistent predictor of the vertical offset between the peaks of phytoplankton and zooplankton thin layers in Monterey Bay (Fig. 7 , R 2 ¼ 0.57).
Physical habitat around layers
Only during the May 2008 study was sufficient information on the temperature and salinity structure of the water column available for a detailed analysis of the physical habitat. These data were used to test the hypothesis that physical clines could be used by zooplankton as cues for aggregation on phytoplankton. During the 2008 study period, the depth of phytoplankton layers was strongly correlated with the depth of the halocline, thermocline, and pycnocline as indicated by the fraction of the water column's temperature change that occurs within 1 m of the peak of a fluorescence layer and similarly, the fraction of salinity and density changes that occur around a layer. Given the water column's average depth of 18 m during the study, if layers were randomly distributed, the average percent of salinity, temperature, or density change in the area 71 m of the layer's peak would be less than 10% of the change over the total water column. However, the percent of total water column change in the area surrounding the layer was 33% for salinity, 46% for temperature, and 48% for density. There was no significant relationship between the strength of the temperature, salinity, density gradient and the fraction of phytoplankton in a layer (R ¼ 0.12, p40.05; R ¼ 0.28, p40.05; R ¼ 0.17, p40.05 respectively). There was also no clear association of zooplankton thin layers and strong clines in salinity, temperature, or density.
Discussion
Previous efforts to examine thin plankton layers have focused on optically scattering and fluorescent features with significantly less emphasis on acoustically scattering features, limited efforts to address bioluminescent layers, and few studies attempting to integrate these various measurements. This work was aimed at The combination of optical and acoustical measurements used in this study revealed the presence of cryptic thin layers. Strong thin layers of bioluminescence were identified that were not associated with fluorescent or acoustically scattering thin layers. These layers were not correlated with local fluorescence levels but were correlated with the local acoustic scattering strength despite the absence of an acoustic thin layer. This acoustic scattering was associated with vertically broad peaks or slabs of zooplankton rather than discrete, thin features. This strong correlation between bioluminescence and acoustic scattering indicates that the animals in these bioluminescent layers are similar in their acoustic scattering strength and frequency response to the animals in the vertically broader distribution identified acoustically. This suggests that the thin bioluminescent layers represent features with a distinct zooplankton species composition likely with similar body form (e.g. shape and material properties) to the surrounding vertically broad peak of zooplankton biomass. These compositional thin layers nested inside larger features of biomass may be a common part of the ecosystem (see a similar argument about phytoplankton layers in Rines et al., this issue) , however, they are extremely difficult to identify. Most approaches capable of the vertical scales of measurement necessary for the identification of sub-meter scale patterns assess bulk properties, rather than specific composition. However, compositional thin layers are likely to have ecological effects as important as those created by biomass thin layer.
Testing hypotheses regarding zooplankton-phytoplankton associations in situ has been difficult because of problems with sampling resolution (Jaffe et al., 1998) . Integrated assessment of thin layers of various organisms provides the ability to examine the relationships between different trophic levels. Previous studies have shown that sometimes layers of various sized plankters are vertically associated but at other times, displaced distributions are observed (Gallager et al., 2004; McManus et al., 2003) . Jaffe et al (1998) found no correlation of zooplankton with phytoplankton layers though they saw a correlation with the background fluorescence. Our results similarly showed that optically identified phytoplankton thin layers and acoustically identified zooplankton thin layers were vertically associated at sometimes and not at others. The degree of association was strongly predicted by the percentage of water column chlorophyll within a thin layer with zooplankton layers only found at the depth of phytoplankton thin layers when phytoplankton layers accounted for more than about 20% of the integrated water column chlorophyll fluorescence. There appeared to be a threshold effect occurring with a steep change in offset between layer peaks when layer fluorescence accounted for less than 17% of total fluorescence but a relatively flat response in layer offset at values above this. The absolute peak of the fluorescence layer and the layer's fluorescence peak relative to the local background were not significant predictors of the offset between phytoplankton and zooplankton layers. These data suggest that significant trophic Fig. 7 . The fraction of water column integrated fluorescence that is within a thin layer explains 57% of the vertical offset between coincident zooplankton and phytoplankton thin layers when all three studies in Monterey Bay were combined. The peak value of the fluorescence and the peak relative to the background were not significant predictors of this offset between layers.
interactions are occurring between phytoplankton and zooplankton thin layers but phytoplankton thin layers appear to be exploited by zooplankton only when they represent a large fraction of the available phytoplankton. This pattern was consistent between studies in different years and using different combinations of platforms, indicating the importance of this relationship at night within Monterey Bay. The vertical association of zooplankton with phytoplankton only when phytoplankton layers represent a significant portion of water column fluorescence may explain the lack of overlap between phytoplankton and zooplankton by Jaffe et al. where a strong, broad chlorophyll fluorescence maximum made the chlorophyll in identified phytoplankton thin layers a relatively small proportion of the water column integrated chlorophyll (1998). Evidence of ecological interactions (or lack thereof) in thin layers must thus be interpreted in the context of the properties of the entire water column.
The dynamic pattern of vertical association of zooplankton and phytoplankton thin layers observed in Monterey Bay raises questions about how zooplankton identify, cue to, and select phytoplankton thin layers. McManus et al. (2003) suggested the importance of physics in determining the vertical relationships between phytoplankton and zooplankton, while Gallager et al. (2004) emphasized the swimming behavior of zooplankton in response to the physical habitat as a potential cause. Some laboratory studies have shown that zooplankton aggregate at haloclines rather than directly on layers of prey Clay et al., 2004) . Zooplankton could potentially be cuing to physical clines thin phytoplankton layers were observed to be associated with rather than directly to the phytoplankton layers. However, there was no significant relationship between the strength of the temperature or salinity gradient and the fraction of water column phytoplankton fluorescence within a layer. There was also no clear association of zooplankton thin layers and strong clines in salinity, temperature, or density. While this does not rule out zooplankton finding layers by using these clines, it does suggest that the clines themselves do not lead to the pattern of zooplankton and phytoplankton offset observed as zooplankton must use other information to determine if the layer represents a significant portion of the water column's phytoplankton.
The vertical distribution of zooplankton was related to the fraction of total water column fluorescence rather than the absolute peak of the layer or the peak value relative to a local measure of the background. This suggests that zooplankton have some knowledge of the total water column food availability. Zooplankton may be sampling the entire water column before making decisions on vertical feeding location. In this case, the extensive horizontal extent of these phytoplankton features would be a key in their exploitation by zooplankton grazers as a zooplankter would be able to rely on one profile of the water column to represent an area large relative to its size in making its feeding decisions. Analysis of the horizontal scales of observed phytoplankton thin layers shows that a single vertical excursion by a zooplankter could represent a horizontal area within a phytoplankton layer of about 500 m despite the fact that phytoplankton layers during both study periods had relatively short horizontal scales compared with thin layers measured during other periods in the same area (for further details, see Moline et al., 2009) . Laboratory experiments have shown that some zooplankton can find and exploit phytoplankton thin layers within 30 min (Ignoffo et al., 2005) , showing that whatever the mechanism grazers use to detect prey layers, they can be efficient at searching for and cuing to thin layers.
In all phases of this study, zooplankton thin layers were found equally often when phytoplankton were in thin layers and when they were not aggregated into thin layers, when those phytoplankton layers were a significant portion of the total chlorophyll and when they were not. This indicates that the forces leading to phytoplankton and zooplankton thin layers are likely different and that zooplankton thin layers are formed in response to forces other than simply food. Swimming behavior of zooplankton is clearly an important component driving the vertical distribution of existing thin layers (e.g. Fig. 6 ) but it is unclear what role swimming plays in the aggregation of zooplankton in the layer itself. Our results provide insight into the processes that affect the depth of zooplankton thin layers, but not their formation and maintenance.
This work was conducted as part of a large, interdisciplinary study, results of which are examined throughout this issue. The LOCO experiment consisted of two scales of study: the process work around the mooring array and larger-scale pattern studies from the ship-based efforts. Our 2006 data provide some insight into the connections between these two studies. Despite differences in measurement platforms, all data show the same pattern: both fluorescent phytoplankton layers and acoustically scattering zooplankton layers became less abundant further offshore of the main mooring array site at K1. However, the thickness, depth, and peak intensity of these layers did not change over the area between K1 and the innermost extent of the large ship-based study, K4. While layers are less abundant further away from the small-scale study area, layers appear to be coherent across this range and are likely controlled by the same assemblage of physical and biological processes. This has important implications for the comparison of results from the different studies within Monterey Bay during the 2006 LOCO experiment.
Conclusions
The goal of this work and its companion paper (Moline et al., 2009) was to integrate measurements of thin layers of multiple sizes of organisms in an effort to understand the interactions between adjacent trophic levels, assess the influence of bioluminescence on these interactions, and to elucidate potential mechanisms involved in layer processes. Questions like these cannot be addressed without the integration of measurements taken from multiple platforms, exploiting the strengths of each instrument and measurement approach to provide information at the scales necessary to measure fine-scale structures of plankton. Combined measurements of acoustical scattering, fluorescence, optical backscattering, and bioluminescence revealed cryptic layers of bioluminescent within broader peaks of acoustically scattering zooplankton biomass. Current sampling approaches likely underestimate the true abundance of thin planktonic layers by measuring only bulk properties and not examining compositional layering. However, these compositional thin layers likely have ecological impacts similar to those caused thin layers of total biomass. The combination of measurement approaches used in this study also revealed a pattern in the relationship between the depth of phytoplankton and zooplankton thin layers that was consistent between study periods despite differences in platforms and deployment methodologies. Zooplankton thin layers were found in close proximity in depth to phytoplankton thin layers only when the fluorescence in the thin layer was greater than about 20% of the total water column integrated fluorescence. Previous studies have found phytoplankton and zooplankton layers overlap in some observations but not in others, something that has been difficult to understand in the context of predatorprey interactions. Our results support the conclusion that phytoplankton thin layers were accessible to zooplankton grazers and that zooplankton did exploit these features. However, zooplankton did so only when food resources were otherwise limited. Swimming behavior in response to prey was clearly an important mechanism controlling the depth distribution of zooplankton thin layers but the factors leading to the formation of thin layers must have involved more than prey distribution as thin zooplankton layers occurred both in the presence and absence of phytoplankton thin layers. Our results suggest that zooplankton in thin layers have the ability to sense phytoplankton abundance not only in the vertical vicinity of a thin phytoplankton layer, but over the entire water column. These results highlight the value of integrating measurements of various types of organisms to understand processes in and around thin layers and the importance of assessing ecological interactions in plankton thin layers within the context of the properties of the entire water column, like the animals themselves do.
